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ABSTRACT
Stars which pass close to the Sun can perturb the Oort cloud, injecting comets into the inner solar system where they may collide with
the Earth. Using van Leeuwen’s re-reduction of the Hipparcos data complemented by the original Hipparcos and Tycho-2 catalogues,
along with recent radial velocity surveys, I integrate the orbits of over 50 000 stars through the Galaxy to look for close encounters.
The search uses a Monte Carlo simulation over the covariance of the data in order to properly characterize the uncertainties in the
times, distances, and speeds of the encounters. I show that modelling stellar encounters by assuming instead a linear relative motion
produces, for many encounters, inaccurate and biased results. I find 42, 14, and 4 stars which have encounter distances below 2, 1,
and 0.5 pc respectively, although some of these stars have questionable data. Of the 14 stars coming within 1 pc, 5 were found by at
least one of three previous studies (which found a total of 7 coming within 1 pc). The closest encounter appears to be Hip 85605, a
K or M star, which has a 90% probability of coming between 0.04 and 0.20 pc between 240 and 470 kyr from now (90% Bayesian
confidence interval). However, its astrometry may be incorrect, in which case the closest encounter found is the K7 dwarf GL 710,
which has a 90% probability of coming within 0.10–0.44 pc in about 1.3 Myr. A larger perturbation may have been caused by gamma
Microscopii, a G6 giant with a mass of about 2.5 M, which came within 0.35–1.34 pc (90% confidence interval) around 3.8 Myr ago.
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1. Introduction
Stars passing close to the solar system may threaten life on
Earth in at least two ways. First, their gravity can inject Oort
cloud comets into the inner solar system where they could im-
pact the Earth (Rickman 1976; Scholl et al. 1982; Dybczyn´ski
2002; Fouchard et al. 2011a; Rickman 2014). Second, hot stars
are sources of powerful UV radiation, and supernova remnants
produce both γ-rays and cosmic rays. If intense enough – and in
particular if the star turned supernova during an encounter – then
such ionizing radiation could kill organisms outright, erode the
Earth’s ozone layer to expose life to harmful solar UV radiation,
or induce long-term global cooling through the NO2 produced
in our atmosphere (Thomas et al. 2005; Beech 2011; Dartnell
2011).
The geological record shows evidence of extraterrestrial in-
terference. Nearly 200 impact craters are known, many more
have long eroded or await discovery, and yet more impacts will
have taken place in the oceans (Grieve 1991; Planetary and
Space Science Centre 2014). The mass extinction 65 Myr ago
(between the Cretaceous and Paleogene periods) appears to have
been caused, at least in part, by a large impact (Schulte et al.
2010), possibly of a long-period comet (Moore & Sharma 2013).
A layer of 60Fe on the ocean floor that formed 2.8 Myr ago is
suspected to be the result of a nearby supernova (Fields & El-
lis 1999; Benítez et al. 2002; Knie et al. 2004), and the pres-
ence of other radioactive isotopes such as 129I and 10Be may be
indicative of several nearby supernovae over the past few hun-
dred kyr (Ellis et al. 1996). It has been suggested that nearby
supernovae could be responsible for mass extinctions (Ellis &
Schramm 1995). For more background on the possible influence
of astronomical phenomena on the Earth in general, see Bailer-
Jones (2009).
These examples do not mean that stellar encounters represent
a significant threat to the terrestrial biosphere, nor that stellar
encounters are a major source of Oort cloud perturbation (the
Galactic tide also plays a major role here; Dybczyn´ski 2005;
Feng & Bailer-Jones 2014; Rickman 2014). But it is of interest
to identify stellar encounters and to examine their association
with specific geological signatures.
The goal of the present work is to identify stars which have
passed – or which will pass – close to the Sun. How close a star
must come before it has an influence depends on the star’s prop-
erties. The magnitude of the perturbation of the Oort cloud can
be estimated using the impulse approximation (Rickman 1976).
For all but the closest encounters this is of order M/(vphd2ph),
where M is the mass of the star, and dph and vph are its dis-
tance and speed at closest approach, respectively (the subscript
“ph” means “perihelion”). The Oort cloud is believed to extend
to 0.5 pc, but encounters out to a few pc may still produce a sig-
nificant perturbation if the star is massive and slow. Concern-
ing ionizing radiation, its intensity will vary as 1/d2ph for a given
type of source. Beech (2011) argues that a supernova must oc-
cur within 10 pc to have a significant effect on the biosphere, and
OB-type stars would have to come much closer to leave a trace.
A gamma ray burst (GRB) occurring as far away as 1 kpc could
be catastrophic in a similar way to a supernova (Thomas et al.
2005). A major source of GRBs is neutron star binaries in glob-
ular clusters. Domainko et al. (2013) have shown that the risk
from these has been highly variable over the past 550 Myr.
In this work I identify individual stars which pass within a
few pc of the Sun. I identify encounters by computing the or-
bits of stars through a model Galactic potential and computing
their distances from the Sun as a function of time. The initial
conditions for this numerical integration are the position and ve-
locity derived from astrometric and radial velocity surveys. Such
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an investigation with a significant number of stars has only been
possible since the publication of the Hipparcos astrometric cat-
alogue (Perryman et al. 1997; Perryman & ESA 1997) which
contains around 118 000 stars. I analyse here of order 50 000
of these. Similar analyses have been performed in the past, most
noticeably by García-Sánchez et al. (2001) who also do a numer-
ical integration, Bobylev (2010a) who uses the epicylic approxi-
mation to compute orbits, and Dybczyn´ski (2006) who assumed
constant stellar velocities (constant potential). García-Sánchez
et al. (2001) identify 26 encounters with a closest approach less
than 2 pc. These all occur within 4 Myr of the present time. The
closest approach is by Hip 89825 (GL 710) at 0.38±0.18 pc
1.4 Myr in the future. This is a low mass K7 dwarf, so its im-
pact on the Oort cloud may be minimal. Bobylev (2010a) and
Dybczyn´ski (2006) find 13 and 22 stars (respectively) coming
within 2 pc, of which 2 and 7 (respectively) are not in the list
of García-Sánchez et al. (2001) with a perihelion distance below
2 pc. These latter two studies also identify Hip 89825 as the clos-
est encounter, albeit at an even closer distance. There were also
some pre-Hipparcos studies (some are listed in the introduction
of García-Sánchez et al. 1999).
Here I perform a new search which offers improvements over
previous work. While some of these improvements were part of
some previous studies, no study included all of them. First, I use
astrometry from the new Hipparcos reduction of van Leeuwen
(2007a), hereafter referred to as Hipparcos-2. In addition to re-
portedly improving the accuracy of the astrometry, it has also
led to a reduction in the formal errors compared to the original
Hipparcos reduction (which was used by García-Sánchez et al.
2001 and Dybczyn´ski 2006).1 Second, I include new radial ve-
locity surveys or re-reductions thereof which increase the num-
ber of stars available for analysis. Third, I adopt a broad initial
selection criterion based on unaccelerated relative motion. This
is applied to all stars in the catalogues, not just those currently
within some arbitrary distance (as done by Bobylev 2010a), and
it avoids assuming some fixed maximum radial velocity (as done
by García-Sánchez et al. 2001 and Dybczyn´ski 2006). Fourth, I
use a probabilistic approach to sample over the uncertainties in
the astrometry and radial velocities to construct a complete dis-
tribution for the perihelion time, distance, and speed for each
star. From these I derive a mean and a confidence interval for
each parameter. Using only the nominal values of the data to give
a single estimate (as done by most other studies) is biased due
to the nonlinear transformations involved (Brown 2012). Armed
with the full distributions we can also calculate the (arguably
more useful) probability that a star approaches within a certain
distance. Bobylev (2010a) also resampled some trajectories to
estimate uncertainties. García-Sánchez et al. (2001) estimate un-
certainties by increasing the parallax, proper motions, and radial
velocity individually by 1σ, calculating new orbits, and then tak-
ing the RMS of the four resulting estimates of the perihelion pa-
rameters. Not only is this a very small sample, it is also one-sided
(the parameters are all increased), so gives biased uncertainty es-
timates.
The Hipparcos survey is complete to V = 7.3 mag (Perryman
et al. 1997), but 82% of the stars are fainter than this, and radial
velocities are not available for all stars. I therefore do not claim
my search to be “complete” in any useful sense of that word. My
goal is to search for close encounters, not to perform a statistical
analysis on the global nature of encounters. The search is natu-
1 The mean errors in both parallax and proper motion are smaller by
about 20% when measured over the whole catalogue, but the improve-
ment is better for the brighter stars (e.g. 40% for V<7 mag).
rally biased by the available data towards nearby bright stars, and
does not include neutron stars (unless they are lurking as unde-
tected companions). A larger and statistically meaningful anal-
ysis will be possible with the upcoming Gaia data (Lindegren
et al. 2008). This should improve the Hipparcos astrometric ac-
curacy by a factor of 50 and extend to G = 20 mag with a better
understood completeness (see section 5.6).
2. Data
The basis of this study is the Hipparcos-2 catalogue (van
Leeuwen 2007b, CDS catalogue I/311/hip2). Radial veloci-
ties were obtained by cross-matching Hipparcos-2 with three
other catalogues: a reanalysis of the Geneva-Copenhagen Sur-
vey data (GCS) by Casagrande et al. (2011) (CDS catalogue
J/A+A/530/A138); the Pulkovo catalogue (Gontcharov 2006,
CDS III/252/table8); Rave-DR4 (Kordopatis et al. 2013, CDS
catalogue III/272/ravedr4). Cross-matching for the first two of
these is trivial, as they provide Hipparcos identifiers. Cross-
matching with Rave was done using the online CDS cross-
matching tool with a 5′′ match radius. I also use a fourth
catalogue, xhip (Anderson & Francis 2012, CDS catalogue
V/137D/XHIP), which contains both astrometry and radial ve-
locities (for some stars) so no cross-matching was neces-
sary. This catalogue is based primarily, but not exclusively, on
Hipparcos-2. The reason for this is that Hipparcos-2 gives erro-
neous solution for a small number of double star solutions which
would have required special treatment. xhip therefore adopts
Hipparcos-1 (Perryman & ESA 1997) parallaxes for multiple
systems if the formal parallax error in the Hipparcos-1 solution is
smaller. This applies to 1.6% of the stars. xhip also derives many
of its proper motions not from Hipparcos-2, but from Hipparcos-
1 and Tycho-2 (Høg et al. 2000), according to the scheme de-
scribed by Anderson & Francis (2012).
Whereas GCS and Rave-DR4 give radial velocities from in-
dividual surveys, Pulkovo and xhip are compilations of results
from various catalogues, possibly the same ones. Common stars
are retained. Both GCS and Rave-DR4 have some entries with
the same Hipparcos ID but different radial velocities. These en-
tries are presumably multiple observations. I retain these as sep-
arate entries in my input catalogues.
The astrometry and radial velocity define the six phase space
coordinates of a star in an equatorial coordinate system. To-
gether with a gravitational potential, these determine the star’s
orbit (past and present). I label these coordinates with D =
(α, δ,$, µα∗, µδ, vr) and for convenience will refer to all six as
the “astrometric” data. Their units – and that of their mea-
surement uncertainties, denoted with σ – are (deg, deg, mas,
mas yr−1, mas yr−1, km s−1) respectively. “Year” throughout this
work means the Julian year.
To summarize, this study makes use of four cross-matched
input catalogues with the following number of entries in each
(only sources with complete astrometric data are retained):
hip2gcs (12 977), hip2pulkovo (35 483), hip2rave (8727), xhip
(46 368). Of these 103 555 entries, there are 51 251 unique Hip-
parcos identifiers. Some of these entries have zero or negative
parallaxes (3% of the Hipparcos-2 catalogue). These are ex-
cluded from the subsequent analysis.2
I do not purge my input catalogues by updating or remov-
ing measurements which appear incorrect, or which have been
2 In principle they could be retained if the sampling method I use (sec-
tion 3.4) generated a sufficient number of positive parallaxes.
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questioned by other authors (e.g. problematic astrometry, pos-
sibly due to unaccounted-for multiplicity). Rather than making
ad hoc replacements, I prefer to use well-defined input data sets,
and then comment on individual cases in section 4 (see also the
discussion in section 5.4).
3. Method of perihelion determination
3.1. Overview
For the purposes of this study, the relevant parameters of the
closest approach of a star to the Sun – its perihelion – are the
time tph, distance dph, and speed vph. Time is measured with re-
spect to the present day and distance and speed relative to the
solar system barycentre. I first estimate these parameters for all
stars under the assumption of unaccelerated relative motion of
the star with respect to the Sun (section 3.2). This is quick and
easy, but not very accurate, in particular not for stars which are
currently far from the Sun or are moving slowly relative to it. So
for those stars which have dph less than some amount (10 pc), I
then compute their orbits and that of the Sun in the gravitational
potential of the Galaxy, and calculate new perihelion parameters
(section 3.3). This is repeated a large number of times for each
star by resampling from the covariance matrix of the stellar data
in order to construct a frequency distribution over the perihelion
parameters (section 3.4).
3.2. Linear motion approximation
I first neglect gravity and assume that a star moves with constant
velocity v with respect to the Sun. The position r relative to the
Sun at time t when the initial (t = 0) position is r0 is
r = r0 + vt . (1)
The perihelion, found from minimization of |r.r|, is at time
tlinph = −
r0.v
v.v
(2)
and at distance dlinph given by |r| from equation 1. We can write
these using the measured astrometric data for the initial position
and velocity as
tlinph / yr = − c1
1
$
vr
v2
(3)
dlinph / pc = 10
3 1
$
vT
v
(4)
where $ is the parallax in mas, vr is the radial velocity (negative
for approaching stars),
vT = c2
√
µ2α∗ + µ2δ
$
is the transverse velocity, (5)
v = (v2T + v
2
r )
1/2 is the total velocity,
c1 = 103 pc km−1 yr−1 = 0.97779 × 109,
c2 = AU km−1 yr−1 = 4.74047,
µα∗ and µδ are the proper motions in mas yr−1, and all velocities
are in km s−1. Negative values of tlinph refer to perihelia in the past.
I use the above to calculate the perihelion for all stars and
retain only those with dlinph < 10 pc in the subsequent analysis.
This limit is chosen to be much larger than distances of interest. I
Table 1. Values of the parameters of the gravitational potential
Component M /M a / pc b / pc
disk 7.91 × 1010 3500 250
bulge 1.40 × 1010 – 350
halo 6.98 × 1011 – 24 000
use the nominal values of the astrometric data and do not correct
for the bias introduced in dlinph by the nonlinear transformations
in the above equations. This bias can be neglected for this initial
selection because the upper limit on dlinph is much larger than that
of interest. This is discussed further in sections 5.1 and 5.2.
3.3. Integration in a Galactic potential
To improve the accuracy of the perihelion parameters, I integrate
the motion of the stars and the Sun through a 3D Galactic poten-
tial. I adopt the widely used three-component, time-independent,
axisymmetric model for the potential from Miyamoto & Nagai
(1975), which in cylindrical coordinates (r, φ, z) is
Φ = Φd + Φg + Φh (6)
Φd =
−GM√
r2 +
(
a +
√
z2 + b2
)2 (7)
Φg,h =
−GM√
r2 + z2 + b2
(8)
where the subscripts d, g, h refer to the Galactic disc, bulge, and
halo respectively. The disk is a highly flattened spheroid with
length scales a and b. The bulge and halo are spherically sym-
metric with length scale b. M is the mass of the component. The
values of the model parameters are given in Table 1, taken from
Dauphole & Colin (1995). García-Sánchez et al. (2001) adopted
the same potential. While better models may now exist, the re-
sults are not very sensitive to the exact choice. This is because
the distances to most stars are not large compared to the scale
lengths of the components, so the potentials experienced by the
Sun and star are not dramatically different.
It will be shown in section 5.3 that for all encounters found
here, the Sun–star interaction is negligible and path deflections
by interactions with others stars en route are extremely unlikely,
so both may be ignored.
Orbits are computed by numerically integrating the equa-
tions of motion through the potential using a seventh order
Runge-Kutta-Fehlberg method (rk78f). The initial conditions for
the integration are the six astrometric coordinates of a star, D.
These are transformed into Galactic phase space coordinates
(r, φ, z, r˙, φ˙, z˙) using the prescription in Johnson & Soderblom
(1987), but updated to the orientation of the Galactic coordinate
system in the International Celestial Reference System (ICRS)
as given in section 1.5.3 of volume 1 of the Hipparcos catalogue
(Perryman & ESA 1997), which is (α, δ)NGP = (192.85948◦,
27.12825◦) and θ0 = 122.93192◦.
The coordinate transformation, as well as the computation
of the solar orbit, requires us to define the phase space coor-
dinates of the Sun (apart from φ, which is arbitrary in an ax-
isymmetric potential). I adopt r = 8 kpc and z = +10 pc. The
solar velocity is defined in the right-handed UVW coordinate
system (vectors parallel to −r, −φ, and z respectively). For the
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U and W components I use the velocity of the Sun with re-
spect to the local standard of rest (LSR) from Schönrich et al.
(2010). These are 11.1 km s−1 and 7.25 km s−1 respectively, with
uncertainties of the order of 1 km s−1. The LSR is here defined
as the point which moves on a circular orbit at r = r, z = 0,
and so has zero velocity in the U and W directions. The V ve-
locity of the Sun can be derived more reliably without refer-
ence to the LSR by using instead the proper motion in Galac-
tic longitude of the radio source Sagittarius A∗ at the Galactic
Centre. I use a value of 6.379 ± 0.026 mas yr−1, equivalently
φ˙= 30.239 ± 0.123 km s−1 kpc−1, measured by Reid & Brun-
thaler (2004). I assume that this proper motion component is
due entirely to the rotation of the Sun about the Galactic Cen-
ter. Any peculiar motion of the source is likely to be consider-
ably smaller. With the adopted value of r, this corresponds to
V = 242 km s−1.
The integration starts at time t= 0 (the present) and proceeds
to time t= 2tlinph in 1000 steps (the numerical method breaks this
down into finer substeps) for both the star and the Sun sepa-
rately. Energy and angular momentum were conserved to a very
high degree, and finer steps did not change the orbit or perihelia
parameters by a significant amount (the numerical imprecision is
negligible compared to the uncertainties discussed in section 5).
The step with the minimum separation between star and Sun is
taken as the preliminary perihelion (from the linear motion ap-
proximation this is expected to occur at the middle step). Al-
though the step sizes are small enough to accurately trace the
orbit, they may not always be small enough to determine the
perihelion with high accuracy. The step sizes generally range be-
tween 102 and 104 yr, during which the separation between the
two points around perihelion changes by less than 0.005 pc in
95% of cases. Nonetheless, to overcome the small discretization
noise, I apply the linear motion approximation starting from the
preliminary perihelion to give the final perihelion parameters.
This is simple and physically consistent, yet considerably more
efficient than using a much larger number of time steps in the
integration.
3.4. Distribution and confidence intervals from numerical
sampling
The numerical integration is initially performed using the nom-
inal astrometric data, D, to give the perihelion parameters tnomph ,
dnomph , and v
nom
ph for time, distance, and speed respectively. The er-
rors in the data translate into uncertainties in these parameters.
Because of the numerical integration, an analytic propagation of
these errors is not possible, so I instead sample the error model
of the data. The Hipparcos-2 catalogue provides covariance in-
formation on the first five astrometric parameters.3 I assume the
error in the sixth parameter, the radial velocity, to be uncorre-
lated with the other five. Adopting a 6D Gaussian error model
for D, I sample it 104 times and use each as the initial conditions
of a numerical integration (section 3.3), resulting in 104 sets of
perihelion parameters per star. This corresponds to a probability
distribution over the parameters. From these I calculate the mean
for each parameter, denoted tavph, d
av
ph, v
av
ph. I choose the mean over
the median or the mode because I want a statistic which is influ-
enced by the whole distribution. I also calculate the 5% and 95%
quantiles for each parameter to give a 90% confidence interval. I
choose this over the standard deviation because the distributions
3 The appendix of Michalik et al. (2014) explains how to convert the
upper-triangular weight matrix elements provided in the Hipparcos-2
catalogue into a covariance matrix.
in dph are quite asymmetric for the stars of interest, namely those
with small dph (which is strictly non-negative).
Even though the input catalogues only have sources with
positive parallaxes, the resampling can generate some samples
with negative parallaxes, which are not physical. These samples
are rejected.
If the signal-to-noise ratio (SNR) in the radial velocity,
vr/σ(vr), is sufficiently small, then some of the radial velocity
samples will have the opposite sign to the nominal radial veloc-
ity, resulting in a perihelion time with the opposite sign too. Al-
though this properly expresses the uncertainty in the perihelion
time, it renders any single estimate of the perihelion time from
this sample (e.g. mean or median) problematic. For this reason I
reject samples in which the radial velocity sign differs from the
nominal data.
It turns out that sampling from the full covariance matrix pro-
duces very similar results to sampling from six one-dimensional
Gaussians. I adopt this latter approach for the xhip catalogue,
because its astrometry is a variable combination of Hipparcos-1,
Hipparcos-2, and Tycho-2, for which the available covariances
no longer apply.
I show in the appendix that this data sampling approach
is equivalent to estimating the posterior probability distribution
over the perihelion parameters given the data, yet is computa-
tionally far more efficient. Due to this equivalence, the confi-
dence intervals quoted are Bayesian credible intervals on the es-
timated parameters.
4. Results
4.1. Overall results
Some Hipparcos identifiers appear multiple times across the cat-
alogues. I will refer to each unique Hipparcos identifier as a star,
and each catalogue entry as an object. The latter are indicated
using the identifier and a letter to indicate the source catalogue,
e.g. Hip 12345.x (the letters are defined below). Applying the
linear motion approximation (section 3.2) to the 103 555 objects
in the four input catalogues, I find 1704 objects (813 stars) with
dlinph < 10 pc. From now on I will only consider these objects.
The orbits for these (both the nominal data as well as the 104
samples) were then integrated and the perihelion parameters cal-
culated as described in sections 3.3 and 3.4. This involved 17
million orbital integrations each taking about 6s on a single CPU
core. An example relative orbit is shown in Figure 1.
The lower the radial velocity SNR, the higher the probability
that a star could have a perihelion time with the opposite sign to
that reported here. 75 objects have some samples removed due
to changes in the radial velocity sign, although of these only 19
have more than 10% of the samples removed. Only one of the
objects with davph < 2 pc, Hip 12351.x, had any samples removed
(0.4% of them).
The number of objects and stars with mean perihelion dis-
tances less than some limit are shown in Table 2. The data for
objects with davph < 2 pc are shown in Table 3 (the online Ta-
ble at CDS includes all objects out to davph < 10 pc). This shows
the mean values from the resamplings of the three perihelion
parameters (time, distance, speed), as well as the 5% and 95%
quantiles which together form the 90% confidence interval (CI)
on the estimates. The table also shows the fraction of samples
which result in dph less than 0.5, 1.0, and 2.0 pc. Negative value
of tph indicate encounters in the past (stars with positive radial
velocities).
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Fig. 1. The nominal orbit of Hip 103738 (gamma Microscopii) rela-
tive to the Sun in Galactic cylindrical coordinates (r, z, φ) over the past
7.8 Myr. The bottom right panel is a zoom of the bottom left panel
around the perihelion, and shows the discrete calculation steps in the
numerical integration. The perihelion is refined from the closest point
using the linear motion approximation. The difference in this case is
3.7 × 10−4 pc, or 77 AU.
Table 2. The number of objects and stars found by the orbit integration
to have davph < d
max
ph . An object is a specific catalogue entry for a star.
dmaxph No. objects No. stars
∞ 1704 813
10 1548 710
5 433 213
3 169 94
2 65 42
1 17 14
0.5 5 4
Fig. 2 shows the mean perihelion distances vs. time and their
confidence intervals. We see a few encounters at 5–15 Myr in
the past or future, but the vast majority occur within 1 Myr. This
is not surprising given the limited magnitude and parallax sen-
sitivity of Hipparcos, both of which correspond to a distance
and therefore an encounter time limit. There is an even distri-
bution of past and future encounters: 781 and 766 respectively,
which agree within half a standard deviation. Figure 3 shows the
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Fig. 2. The top panel shows the mean perihelion distance, davph, vs. mean
perihelion time, tavph, for all stars with d
av
ph < 10 pc. The middle panel
shows all stars with davph < 2 pc and the bottom panel is a zoom of this.
The error bars in the lower two panels denote the 5% and 95% quan-
tiles of the distributions for each object, which together form a 90%
confidence interval.
distribution of the perihelion speeds on a logarithmic scale. We
see several objects with very large radial velocities, which I will
comment on below.
The distributions of the perihelion parameters for a few se-
lected objects are shown in Fig. 4. The asymmetries are appar-
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Table 3. Perihelion parameters for all objects with a mean perihelion distance (mean of the samples; davph) below 2 pc, sorted by this value. The
second column indicates the input catalogue: g=hip2gcs; p=pulkovo; r=hip2rave; x=xhip. Columns 3, 6, 9, are tavph, d
av
ph, v
av
ph respectively. The
columns labelled 5% and 95% are the values of the corresponding confidence intervals. Columns 12–14 (“% samples”) indicate the number of
samples for each object for which dph is below 0.5, 1.0, and 2.0 pc respectively. Columns 15–20 list the nominal parallax ($), proper motion (µ),
and radial velocity (vr) along with their standard errors. Potentially problematic objects have not been removed. The online table at CDS includes
all objects with davph <10 pc.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
HipID tph / kyr dph / pc vph / km s−1 % samples $ σ($) µ σ(µ) vr σ(vr)
av 5% 95% av 5% 95% av 5% 95% 0.5 1 2 mas mas yr−1 km s−1
85605 x 331.64 237.01 471.38 0.10 0.04 0.20 21.0 20.5 21.5 99 99 99 146.8 29.8 8.6 2.8 -21.0 0.3
89825 x 1387.13 1303.13 1476.46 0.27 0.10 0.44 13.8 13.3 14.3 98 100 100 51.1 1.6 1.8 1.2 -13.8 0.3
63721 p 146.46 89.13 240.51 0.27 0.04 0.67 34.1 27.2 41.0 90 98 99 216.6 56.5 41.7 58.3 -34.0 4.2
89825 p 1388.24 1302.76 1480.74 0.36 0.12 0.64 13.8 13.3 14.3 80 100 100 51.1 1.6 2.3 2.1 -13.8 0.3
91012 r 301.59 242.86 375.73 0.49 0.22 0.83 364.3 327.1 401.3 58 98 99 9.1 1.0 2.2 1.2 -364.1 22.4
23311 r 10.46 9.50 11.53 0.55 0.50 0.61 815.5 736.4 894.8 5 100 100 114.8 0.5 1238.2 0.7 -813.7 48.6
85661 p 1877.34 1751.16 2017.02 0.59 0.13 1.22 46.5 46.0 47.0 45 87 99 11.2 0.5 0.5 0.6 -46.5 0.3
55606 r 133.47 94.93 188.56 0.69 0.32 1.31 919.8 772.4 1070.1 31 86 98 8.3 1.5 8.9 1.6 -921.0 91.9
75159 r -343.50 -524.47 -225.50 0.76 0.20 1.79 368.2 307.6 428.7 40 82 96 8.3 1.9 1.4 3.3 368.2 36.9
103738 p -3851.66 -4162.24 -3561.42 0.83 0.35 1.34 18.0 16.7 19.3 13 72 99 14.2 0.3 1.8 0.3 17.6 0.8
71683 g 27.71 27.65 27.77 0.90 0.89 0.92 34.2 33.9 34.6 0 100 100 754.8 4.1 3709.6 5.1 -25.1 0.3
71683 p 27.74 27.67 27.80 0.91 0.89 0.93 34.0 33.5 34.5 0 100 100 754.8 4.1 3709.6 5.1 -24.7 0.4
71681 r 27.76 27.44 28.03 0.91 0.83 0.99 30.5 29.0 31.9 0 96 100 796.9 25.9 3702.5 28.3 -21.0 1.0
70890 x 26.71 26.64 26.76 0.94 0.92 0.96 32.6 32.0 33.2 0 100 100 772.3 2.4 3853.0 2.4 -22.4 0.5
3829 x -15.07 -15.78 -14.40 0.95 0.87 1.04 269.9 262.2 277.9 0 83 100 234.6 5.9 2978.2 6.1 263.0 4.9
3829 p -15.07 -15.78 -14.38 0.95 0.87 1.04 269.9 262.1 277.8 0 83 100 234.6 5.9 2978.2 6.1 263.0 4.9
42525 x -251.96 -374.97 -173.73 0.96 0.42 1.99 60.0 59.6 60.5 13 68 95 68.5 15.5 47.6 1.9 59.9 0.3
71683 x 27.62 27.42 27.76 1.00 0.97 1.03 31.9 31.1 32.8 0 48 100 742.1 1.4 3709.6 2.0 -21.4 0.8
57544 x 45.05 44.44 45.67 1.05 1.02 1.08 113.9 113.7 114.1 0 0 100 186.9 1.7 885.2 1.9 -111.7 0.1
57544 p 45.07 44.45 45.70 1.05 1.02 1.09 113.8 113.5 114.2 0 0 100 186.9 1.7 885.8 2.4 -111.6 0.2
71681 x 26.74 25.52 27.61 1.06 1.00 1.12 30.2 28.6 31.9 0 3 100 742.1 1.4 3724.1 32.7 -18.6 1.6
90112 p -1867.53 -2110.50 -1661.78 1.11 0.30 2.20 26.4 26.1 26.7 13 48 92 19.9 1.5 2.1 2.0 26.4 0.2
90112 g -1891.92 -2138.51 -1677.21 1.13 0.32 2.23 26.1 25.6 26.6 13 46 91 19.9 1.5 2.1 2.0 26.1 0.3
87937 x 9.77 9.76 9.78 1.15 1.14 1.15 142.0 141.7 142.3 0 0 100 548.3 1.5 10308.3 2.2 -110.5 0.1
87937 p 9.73 9.72 9.74 1.15 1.14 1.16 142.3 142.0 142.7 0 0 100 548.3 1.5 10358.9 2.1 -110.6 0.2
30344 x -1566.69 -1688.43 -1454.67 1.16 0.97 1.36 18.3 17.1 19.6 0 8 100 34.1 0.6 5.2 0.6 18.3 0.8
53911 r -65.16 -80.58 -52.66 1.17 0.77 1.72 819.2 738.6 900.0 0 31 98 18.6 2.1 67.6 2.4 818.4 48.3
41312 r 47.35 44.06 50.97 1.19 1.10 1.28 681.8 631.9 730.4 0 0 100 30.3 0.1 156.4 0.1 -681.2 30.0
104644 r -24.52 -30.70 -19.66 1.29 0.97 1.69 599.1 479.5 721.1 0 7 99 67.5 3.7 720.4 3.9 596.8 73.9
27288 x -853.93 -918.79 -793.85 1.30 1.20 1.40 24.7 23.0 26.5 0 0 100 46.3 0.2 14.6 0.2 24.7 1.1
27288 p -853.82 -919.99 -794.14 1.30 1.20 1.41 24.8 22.9 26.6 0 0 100 46.3 0.2 14.6 0.2 24.7 1.1
38965 x -1159.77 -1775.51 -784.18 1.33 0.36 3.10 58.2 53.8 62.5 11 46 85 15.5 3.6 2.9 1.8 58.1 2.6
30344 p -1958.39 -2048.37 -1872.41 1.39 1.16 1.63 14.6 14.1 15.1 0 0 100 34.1 0.6 5.0 0.6 14.6 0.3
30344 g -1984.84 -2060.52 -1912.03 1.42 1.18 1.66 14.4 14.1 14.8 0 0 100 34.1 0.6 5.0 0.6 14.4 0.2
54035 p 19.93 19.91 19.96 1.43 1.42 1.43 103.5 103.4 103.7 0 0 100 392.6 0.7 4801.0 0.9 -85.8 0.1
54035 g 19.95 19.88 20.02 1.43 1.42 1.44 103.4 102.7 104.1 0 0 100 392.6 0.7 4801.0 0.9 -85.6 0.5
54035 x 20.04 20.01 20.07 1.44 1.43 1.44 102.6 102.4 102.8 0 0 100 392.6 0.7 4796.6 1.7 -84.7 0.1
26335 p -490.43 -503.82 -477.74 1.53 1.45 1.62 22.2 21.9 22.5 0 0 100 89.0 1.0 57.0 1.3 22.0 0.2
26335 x -489.14 -498.78 -479.67 1.54 1.47 1.62 22.3 22.1 22.4 0 0 100 89.0 1.0 57.5 1.7 22.1 0.1
14754 x -289.38 -338.36 -248.89 1.56 1.33 1.85 34.2 28.9 39.5 0 0 98 98.5 1.5 109.0 2.2 33.8 3.2
25240 p -991.55 -1064.10 -924.55 1.62 1.22 2.05 55.0 54.5 55.5 0 0 92 17.9 0.8 6.1 0.9 55.0 0.3
14754 p -291.24 -339.42 -250.53 1.63 1.38 1.93 34.2 29.0 39.5 0 0 97 97.7 1.9 111.9 3.1 33.8 3.2
25240 g -1015.58 -1100.24 -938.06 1.66 1.26 2.11 53.7 51.6 55.9 0 0 89 17.9 0.8 6.1 0.9 53.7 1.3
86961 x 193.66 175.54 213.51 1.69 1.35 2.11 30.1 29.8 30.5 0 0 90 161.8 11.3 278.4 3.7 -29.0 0.1
100280 r 39.68 34.25 45.91 1.71 1.44 2.03 954.1 827.2 1084.1 0 0 93 26.0 0.9 226.3 1.1 -952.9 79.2
30067 p -662.36 -678.89 -645.90 1.76 1.64 1.87 40.6 40.4 40.7 0 0 99 36.3 0.6 20.2 0.8 40.5 0.1
30067 g -662.37 -679.13 -646.30 1.76 1.64 1.87 40.6 40.4 40.7 0 0 99 36.3 0.6 20.2 0.8 40.5 0.1
104256 r 57.56 50.64 65.70 1.79 1.39 2.31 919.8 894.8 944.8 0 0 79 18.6 1.4 118.9 1.3 -919.1 15.1
30067 x -661.02 -677.61 -644.88 1.81 1.70 1.93 40.7 40.5 40.8 0 0 99 36.3 0.6 20.9 0.7 40.6 0.1
86963 x 204.41 185.48 225.41 1.82 1.45 2.27 28.4 27.9 29.0 0 0 78 161.8 11.3 281.1 15.7 -27.2 0.3
87784 r 370.51 264.24 527.17 1.83 0.84 3.52 66.5 60.7 72.5 0 11 70 41.3 8.4 38.6 7.4 -66.3 3.6
94512 x 3646.96 3261.34 4076.40 1.83 0.59 3.30 30.4 29.9 30.9 3 16 60 8.9 0.6 0.9 0.6 -30.4 0.3
12351 x -739.38 -1512.31 -381.53 1.90 0.93 3.85 26.6 10.5 43.0 0 8 73 59.4 1.2 29.8 2.1 26.2 10.0
47425 x -63.66 -80.29 -51.00 1.90 1.50 2.43 145.3 111.6 178.9 0 0 68 105.6 1.6 635.9 1.7 142.0 21.0
38228 g 1294.38 1239.32 1351.85 1.91 1.75 2.07 16.6 15.9 17.2 0 0 83 45.5 0.5 13.4 0.8 -16.5 0.4
57548 x 71.11 70.75 71.46 1.92 1.87 1.96 37.9 37.7 38.1 0 0 99 298.0 2.3 1361.2 3.0 -31.1 0.1
57548 p 71.18 70.77 71.58 1.92 1.88 1.96 37.8 37.5 38.1 0 0 99 298.0 2.3 1361.2 3.0 -31.0 0.2
110893 p 88.55 87.90 89.21 1.92 1.88 1.96 38.8 38.6 38.9 0 0 99 249.9 1.9 980.8 3.0 -34.0 0.1
110893 x 88.65 88.00 89.29 1.92 1.88 1.97 38.7 38.5 38.9 0 0 99 249.9 1.9 980.8 3.0 -33.9 0.1
26624 x -1871.68 -1947.16 -1799.57 1.94 1.74 2.14 22.2 21.6 22.9 0 0 69 23.5 0.4 5.0 0.3 22.2 0.4
38228 p 1325.72 1297.08 1354.90 1.95 1.81 2.10 16.2 16.0 16.3 0 0 70 45.5 0.5 13.4 0.8 -16.1 0.1
92403 p 153.83 152.71 154.95 1.95 1.91 2.00 14.2 14.0 14.5 0 0 94 336.7 2.0 665.2 3.3 -10.7 0.2
92403 x 153.50 152.76 154.23 1.98 1.95 2.02 14.1 14.0 14.2 0 0 82 336.7 2.0 668.6 2.5 -10.5 0.1
34617 x -1224.20 -1310.18 -1144.86 1.98 1.45 2.56 33.6 32.7 34.6 0 0 53 23.8 0.9 7.7 1.7 33.6 0.6
26624 p -1871.71 -1956.00 -1790.91 1.98 1.73 2.24 22.2 21.6 22.9 0 0 55 23.5 0.4 5.1 0.3 22.2 0.4
Article number, page 6 of 13page.13
C.A.L. Bailer-Jones: Close encounters of the stellar kind
ll l
l l l
l ll
l lll ll
lll ll ll
ll ll l
l l ll l
l ll lll ll lll
ll ll lll lll
l ll ll lll ll ll l lll l l
llll l ll ll
l llll l l ll ll lll l l
llll ll l ll l llll l l ll
ll ll ll llll lll l ll
l lll l l lll ll ll l lll ll
l lll lll l l lll ll l
l llll ll ll ll l l
lll lll ll lll ll
l l l lll l l ll ll lll
ll lll lll l ll lll
l ll lll lllll ll lll l
l l llll lll l l l llll l ll
l ll ll l ll lll ll lllll ll lll l
ll l ll lll l ll l ll llll
l llll ll ll ll lll lll ll lll l lll l
l l llll l lllll l ll lll l ll ll
l llllll ll ll l lll ll ll ll l l
lll l ll l ll ll lll ll ll ll
l l l ll ll l lll ll l ll ll lll ll
l l ll l lll lll lll lll ll ll ll ll
lll l ll l l ll lll lll l ll llll l
l ll l ll llll l ll l ll lll l l l ll l l
ll lll lll lll ll ll llll
l lll l ll llll ll l ll l ll l lll l ll
l ll lll ll ll ll ll l l llllll
lllll l lll l l ll l lll ll ll l l llll l ll
llll ll l l lll ll ll lllll lll
l ll l ll l lll l ll llll l lll lll l ll lll
l l l ll lll l ll l l lll l ll ll ll l ll ll
l llll ll llll l l lll l ll l ll
l ll ll ll lll llll l ll ll l
ll l lll l ll ll ll llll ll l ll ll
l lll ll ll ll ll ll l ll lll lll l lll l l
lll ll lllll l ll ll l llll llll l
l l ll ll l ll llll llll llll ll lll ll ll l
ll ll l l llll
5 10 20 50 100 200 500 1000
0
2
4
6
8
10
perihelion speed / km/s
pe
rih
el
io
n 
di
st
an
ce
 / 
pc
Fig. 3. The mean perihelion distance, davph, vs. the mean perihelion speed,
vavph, (on a log scale) for all stars with d
av
ph < 10 pc.
ent (and necessary in dph, as this is strictly non-negative). Over
plotted is the mean of the distributions (blue) as well as the peri-
helion parameters obtained from the nominal astrometric data
in the orbital integration (green) and from the linear approxima-
tion method (red). While the parameters obtained from the three
different methods (av, nom, lin) correlate quite well overall, we
see some significant discrepancies in the perihelion distance es-
timates. Figure 5 quantifies this for all objects in the numerical
simulation. It shows the fraction of objects which have perihel-
ion distances (dlinph and d
nom
ph ) differing from the mean perihelion
distance by more than some amount. We see, for example, that
with the linear approximation method 17% of objects have dis-
tances which differ from davph by 0.5 pc of more. When calculating
dph using the nominal data in the numerical integration, 13% de-
viate by more than 0.5 pc from davph.
The discrepancy in the perihelion times is small, but not in-
significant: 17%, 10%, and 2% of objects have perihelion times
which differ from tavph by more than 25 kyr, 100 kyr, and 1000 kyr
respectively (very similar for both tlinph and t
nom
ph ). The agreement
for the perihelion speeds is good, with only about 6% of the ob-
jects differing by more than 1 km s−1 for both methods.
We also find that the discrepancies are quite asymmetric in
the perihelion distance and speed (less so for the times). The
upper panel of Figure 6 shows the discrepancy in the perihel-
ion distance from the nominal data as a function of the star’s
parallax (Figure 7 shows a zoom of this). We see that using the
nominal data tends to underestimate the perihelion distance, and
that this gets worse for smaller parallaxes: 1553 objects have dis-
tances underestimated, compared to just 151 overestimated, and
the underestimations can be quite large. We get similar results
when using the linear approximation estimator (lower panel), al-
though less asymmetry (1162 to 542). Hence both of these other
methods will overestimate the number of encounters found and
will underestimate the encounter distances. The reasons for this
are discussed in section 5.2.
I find 42 stars which encounter the Sun with davph < 2 pc (al-
though some of these have problematic data). 25 of these were
also found to pass within 2 pc by at least one of the three previous
studies of encounters (García-Sánchez et al. 2001; Dybczyn´ski
2006; Bobylev 2010a). Together, those studies found a total of
34 stars encountering within 2 pc. If we look only out to 1 pc,
then I find 14 stars compared to their 7, with 5 in common. Put
another way, they missed 9 which I found, while I missed 2 iden-
tified by them. This difference is usually due to different distance
estimates, but in a few cases is due to absent data in one or other
of the studies.
4.2. Individual closest encounters
The closest encounters are those which could have the biggest
impact on the Earth, I examine now those 14 stars which have
davph < 1 pc. The letter after the Hipparcos ID below indicates the
input catalogue as in Table 3. Spectral types and colours have
been obtained from Simbad (the luminosity class, when absent,
is inferred from the absolute magnitude). Those objects marked
with † have problematic data, as discussed below.
†Hip 85605.x has a 95% probability of passing within 0.2 pc,
within the Oort cloud. Its solution ID in Hipparcos-2 is 95, in-
dicating that it is the fainter component of a double system (not
necessarily a physical binary) with a single-star (i.e. 5 parame-
ter) astrometric solution. The primary, Hip 85607, is 22′′ away.4
This has a negative parallax in Hipparcos-2 and so is excluded
from my study.
Hip 85605 also appears in my table as Hip 85605.p but with
davph = 3.11 pc (90% CI 1.71–5.36 pc). The difference is due to the
xhip catalogue adopting the much smaller Tycho-2 proper mo-
tion (on account of the binarity) of 8.6±2.8 mas yr−1, as opposed
to 299± 34 mas yr−1 from Hipparcos-2 used in Hip 85605.p (the
parallax and radial velocity are the same).
The Hipparcos catalogue (Perryman & ESA 1997) points out
that the astrometric solution for this system is ambiguous. A note
on the Simbad entry for Hip 85605 states that the Hipparcos-1
parallax of 202 mas and proper motion of 362 mas yr−1 are erro-
neous, because the POSS-I and II plates indicate the latter must
be less than 50 mas yr−1. This implies that the encounter param-
eters for Hip 85605.p – but not for the xhip entry – are spuri-
ous. Fabricius & Makarov (2000) (see below) give an alternative
Hipparcos solution by solving the Hip 85607+85605 system as
a physical binary. They derive a parallax and proper motion of
4.6 ± 3.7 mas and 10.8 ± 4.0 mas yr−1 respectively. These data
give a very large mean perihelion distance of 420 pc with a huge
uncertainty (21–1032 pc 90% CI).
F. van Leeuwen has kindly reanalysed the Hipparcos as-
trometry of this system under a number of different assump-
tions. He concludes that the Hipparcos-2 parallax of Hip 85605
and its (relatively large) uncertainty are valid, but that on ac-
count of the large residuals and the complex nature of this sys-
tem the solution should be treated with caution. For this reason
the Tycho-2 proper motion is probably more reliable than the
Hipparcos-2 one. If these data are indeed correct, then the very
close encounter of Hip 85605.x is real. Its apparent magnitude
of V=11.0 mag (Høg et al. 2000) and parallax of 147 mas give
MV=11.8 mag (assuming a single star with no extinction), in-
dicating it to be an M dwarf, while its B−V colour of 1.1 mag
suggest it has K spectral type. Nevertheless, a clear conclusion
for this system must await new astrometric data.
Hip 89825 (GL 710), a K7 dwarf, appears twice in the ta-
ble, from xhip and hip2pulkovo. They differ due to the Tycho-
2 proper motion used in the former, although the difference is
much less than the uncertainty. This is the closest encounter
in the three previous studies, all yielding dph = 0.2–0.4 pc and
4 The Hipparcos-2 solution ID of 95 for Hip 85607 is an error (F. van
Leeuwen, private communication).
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Fig. 4. Distribution of the perihelion parameters from the resampled data for five selected objects (columns). The rows from top to bottom are tph,
dph, vph. The vertical coloured bars show the three perihelion estimates discussed: the mean of the distribution (blue); the perihelion parameter
obtained from using the nominal data (green); the perihelion parameter obtained from the linear approximation method (red). These are sometimes
invisible as they coincide with other lines.
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.
0
0.
1
0.
2
0.
3
0.
4
∆dph / pc
fra
ct
io
n 
ab
ov
e
 ∆
d p
h
Fig. 5.Discrepancy between the perihelion distance estimates. The solid
line shows the fraction of objects which have a perihelion distance via
the linear approximation, dlinph , which differs from d
av
ph by more than the
amount shown on the horizontal axis, i.e. the fraction of objects with
|dlinph − davph| > ∆dph. The dashed line shows the same but for the nominal
distances, i.e. |dnomph − davph| > ∆dph.
tph = 1.4 Myr. Here I find a probability of 80% that it passes
within 0.5 pc.
†Hip 63721.p is solved as a component of double star sys-
tem in Hipparcos-2. It appears to be a poor astrometric solu-
tion because its large parallax is inconsistent with its spectral
type of F3V and apparent magnitude of V=8.7 (from Simbad),
which imply it must be much further away. Fabricius & Makarov
(2000) produced new astrometric solutions using both Hippar-
cos and Tycho-2 astrometry for 257 double and multiple sys-
tems which they suspected to have problematic solutions in the
Hipparcos catalogue (and they are likely to be problematic in
Hipparcos-2 also). They treat this star as a component of a binary
together with Hip 63716, and derive a much smaller parallax of
4.6±1.3 mas. Their derived proper motion is 40.5±1.4 mas yr−1,
similar in size to, but with a much smaller uncertainty than, the
Hipparcos-2 value. Thus the encounter listed in Table 3 should
be treated as dubious.
†Hip 91012.r is listed by Simbad as an F5 star and has an ef-
fective temperature from Hipparcos/2MASS data (Bailer-Jones
2011a) of 6650 K (90% CI 6350–6910 K). It is therefore likely
to be slightly more massive than the nearer encounters discov-
ered, so potentially has a larger perturbing effect on the Oort
cloud. However, the perihelion speed is large, 360 km s−1, which
reduces the impulse transfer. This large speed is a direct re-
sult of the large radial velocity in Rave of −364 ± 22 km s−1,
which seems suspicious (see section 5.4). This star appears an-
other three times in my list: another measurement from hip2rave
(vr = −36.5 ± 18.7 km s−1) and one from each of hip2gcs and
hip2pulkovo (both vr = −16.8 ± 0.5 km s−1). The latter two both
give davph = 8.6 pc with a combined 90% CI of 3.6–15.4 pc.
†Hip 23311.r (GJ 183) is a high proper motion K3 dwarf
and one of the closest encounters in terms of time. This star
also appears in the other three input catalogues with the same
astrometry, but with much smaller radial velocities: around 21 ±
0.3 km s−1 as opposed to −814 ± 49 km s−1 in Rave (cf. a trans-
verse velocity from equation 6 of 51 km s−1). Consequently those
other objects have more distant encounters of about 8 pc around
60 kyr ago. The Rave radial velocity is so high that, if correct,
this star would not be bound to the Galaxy as described by the
Article number, page 8 of 13page.13
C.A.L. Bailer-Jones: Close encounters of the stellar kind
ll ll llll
l llll ll
lll l ll
l
ll ll ll l ll l
l lll lll
ll ll ll
ll ll
l
l
l
ll ll
l
l
l
l
lll ll l
l
l l
l
l ll l
l
l l
l
l l
ll l
l
l l
l
l l
l
ll
ll
l
l
l
ll
l
l
l
ll
l
l
l
l ll
l
l l
l
l ll
l
l
ll
l
l
l
l
ll ll ll l
l
l
l
ll l ll
l
l ll
l
l
l l
ll
l
l l ll
l
l ll
l
l
l l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l ll
l
l
l
l
l
l
l
l
l
ll ll
l
l
l
ll
l
l ll l
l
l
ll
l
ll l
l
ll l
l
l
l
l l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
ll
l
l
l
l
l
l
l l
l
l
ll l
l
l
l
l
l
ll
l
l
l
l
l
l
l l l
l
l
l
ll
l
l
l
l
l
l
ll
l
ll
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
ll
l
1 5 10 50 100 500−
10
−
5
0
5
parallax / mas
d p
h
n
o
m
−
d p
h
a
v
 
/ p
c
ll ll lll
l
l
llll ll lll l lll
ll ll ll l l l
l lll ll
l
ll ll ll
l
l
ll
l
ll ll ll
l
l
l
l
lll ll l
l
l l
l
l
ll ll
l
l
l l
l
ll
lll l
l
l
l l
l
l
l
ll
l
ll l
l
ll
l
l
l
ll
l
l
l
l
l ll
l
l l
l
l ll
l
l
l
ll
l
l
l
ll ll l
l
l
l
l
l
ll ll l l
l
l
l
l
ll
l
l
l l
lll
l
l ll
l
l l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l l
l
ll l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l ll
l
l
l
l
l
l
l l
l ll l
l
l
ll l l l
l
ll
l
l
l
l
l
l
l
l
l
l
l l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l l
lll ll
l
l
l
l
l
l
l
l
l l
l
l
ll
l
l
l
ll
l
l
l l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l ll
l
l
ll
l
l
l l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l1 5 10 50 100 500−
10
−
5
0
5
parallax / mas
d p
hlin
−
d p
h
a
v
 
/ p
c
Fig. 6. Difference between the nominal and mean perihelion distance
estimates (top), and linear approximation and mean (bottom), as a func-
tion of the parallax on a logarithmic scale. 70 objects with dnomph − davph <
−10 pc and 81 objects with dlinph − davph < −10 pc are not shown in the top
and bottom panels respectively. A zoom is shown in Figure 7.
potential used (but see section 5.4 for a possible problem with
these large Rave radial velocities).
Hip 85661.p is an F dwarf in a binary system. It also appears
in the xhip catalogue with a ten times larger nominal proper mo-
tion from Tycho-2. This results in a larger perihelion distance of
2.75–5.61 pc (90% CI). This star is the second-closest encounter
found by García-Sánchez et al. (2001) at dph = 0.94 ± 0.71 pc.
†Hip 55606.r is a G0 dwarf. Its solution ID in the Hipparcos-
2 catalogue is 1, indicating that it is a stochastic solution taken
from the Hipparcos-1 catalogue. Solutions are classified as
stochastic when their residuals are larger than expected, which
probably indicates the presence of unresolved orbital motion in a
multiple system (van Leeuwen 2007a). It also has a very large ra-
dial velocity from Rave. Its corresponding Galactocentric space
velocity of 857 km s−1 is considerably higher than the escape ve-
locity of 574 km s−1.
†Hip 75159.r is an F5 dwarf with another large radial veloc-
ity in Rave.
Hip 103738.p (gamma Microscopii) is a G6 giant which en-
countered the Sun about 3.9 Myr ago. With a mass of 2.5 M,
this is probably the most massive encounter with davph < 1 pc. The
xhip entry for this star (Hip 103738.x) uses the Tycho-2 proper
motion which is about twice as large in magnitude, resulting in
a more distant encounter (davph = 3.7 pc, 90-% CI 2.3–5.2 pc) but
at the same time. García-Sánchez et al. (2001) found this object
to encounter at tph = −3750 ± 240 kyr and dph = 1.25 ± 1.01 pc,
which is consistent with the closer of my entries.
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Fig. 7. As Figure 6 but zooming the vertical axes to highlight the region
of smaller differences.
Hip 71683 (alpha Centauri A) is of course a well studied star,
and appears in three of my four input catalogues (not hip2rave).
One of the closest stars to the Sun at 1.32 pc, it will move to
its perihelion of 0.90 pc in 27 kyr. The xhip catalogue adopts a
smaller parallax (and a smaller proper motion error) resulting in
a slightly more distant encounter.
Hip 71681 (alpha Centauri B) is the binary companion of
alpha Cen A.
Hip 70890 (proxima Centauri) is probably the third compo-
nent in the alpha Cen system and is the closest known star to the
Sun.
Hip 3829 (van Maanen’s star) is the third closest white dwarf
to the Sun and the closest known solitary white dwarf. It appears
in hip2pulkovo and xhip with identical data. (The resulting peri-
helion parameters are not identical, however, because of the in-
dependent random sampling involved in deriving them.) It en-
countered the Sun just 15 kyr ago. García-Sánchez et al. (2001)
found a much larger perihelion distance of 3.33 ± 0.14 pc, prob-
ably because they used a smaller radial velocity of 54± 3 km s−1
(the Hipparcos-1 and Hipparcos-2 astrometry, in contrast, are
very similar).
†Hip 42525.x has a solution ID in the Hipparcos-2 catalogue
of 1 (stochastic solution). It has a close companion which surely
effects some measurements, as its spectral type is F8 (consistent
with its colour of B−V = 0.6), yet its nominal absolute magnitude
is MV = 9.5, which is typical of an early M dwarf. The general
notes of the Hipparcos-1 catalogue lists a “more likely” solution
with a very different (and barely significant) parallax of 5.08 ±
4.28 mas.
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4.3. Massive stars
While the perihelion distance is a major factor in the pos-
sible effect of a star on the solar system, the mass and en-
counter speed also play a role. The impulse gained by an Oort
cloud comet from an encounter is of order M/(vphd2ph) (Rickman
1976). Masses can be crudely estimated from the spectral type
or colours, but I do not investigate the impulse systematically
in this work. I note, however, that there are 17 B and A-type
stars which have encounters with davph < 4 pc from at least one
of the input catalogues, including Sirius (Hip 32349) at 2.51 pc
in 46 kyr and Altair (Hip 97649) at 2.65 pc in 138 kyr. The clos-
est approach is by zeta Leporis (Hip 27288), an A2 dwarf or
subgiant which attained davph = 1.3 pc about 850 kyr ago. An in-
teresting case is Algol (Hip 14576), which is a triple system
dominated by a B8 dwarf with a total mass of around 6 M.
With davph = 4.1 pc (90% CI 0.83–15.4 pc) from xhip (hip2pulkovo
gives similar values), its perturbing effect would not be more
than some closer, less massive encounters, despite the low en-
counter speed (vavph = 5.0 km s
−1, 90% CI 0.8–10.5 km s−1). How-
ever, its radial velocity is close to zero (3.9 ± 3.7 km s−1), so it
is not possible to know whether the encounter is in the past or
future. The estimate here of tavph = −8910 kyr, (90% CI −25.8 to
−2.6 Myr) is from adopting just positive radial velocities in the
sampling.
There are also another 12 giant stars (in addition to gamma
Microscopii) which passed (or will pass) within davph < 4 pc of the
Sun, as well as one supergiant, Hip 87345 (RY Sco), a classical
Cepheid with davph = 3.6 pc albeit with a wide confidence interval
(0.9–7.6 pc).
5. Discussion
5.1. Completeness
This study makes no claim to be a complete survey for encoun-
ters out to some distance or magnitude limit, because it is lim-
ited by the input catalogues selected. But we can consider how
efficiently it has detected encounters from the given data. An in-
completeness arises because not all 103 555 objects were sub-
ject to numerical orbit integration, due to computational time
constraints. Instead, the linear approximation method was used
initially to select encounters with dlinph < 10 pc and only those in-
tegrated. Given that this approximation is not perfect (see Fig-
ure 5), there are presumably some objects with dlinph > 10 pc
which would have achieved davph < 10 pc had they been selected.
Given this initial selection limit of dlinph < 10 pc, then the larger
the upper bound of davph, the worse the completeness of the sam-
ple. We can estimate the magnitude of this as follows: 297 ob-
jects have 9 < dlinph < 10 pc, so would have been missed had
I made an initial selection using dlinph < 9 pc. Of these, only 17
(6%) end up with davph < 9 pc. The fraction missed will be lower
for smaller values of davph. This is not an accurate measure of com-
pleteness, but it does suggest that the fraction of close encounters
overlooked is very small.
5.2. Differences between the perihelion estimates
We saw significant discrepancies between the perihelion esti-
mates obtained using just the nominal data and those obtained
using the full set of resampled data (e.g. Figure 6). In particular,
the perihelion distance from the former was preferentially un-
derestimated. Part of the reason for this is the nonlinear transfor-
mation between parallax and distance. A symmetric distribution
in the parallax uncertainty corresponds to an asymmetric distri-
bution in the distance: If the mean parallax is $= 15 mas and a
fraction f of the probability lies in the range 5–15 mas and thus
also in 15–25 mas, then once transformed to distance, the same
fraction f lies in 200–67 pc and in 67–40 pc. Thus the mean of
the distance distribution is larger than the nominal distance, 1/$.
Likewise, the mean of the perihelion distances from the resam-
pled data will generally be larger than the nominal one, explain-
ing why dnomph tends to be underestimated. The bias is larger for
smaller parallax SNRs, which is what we see in Figure 6 (paral-
lax SNR is correlated with parallax in this Hipparcos sample).
The linear approximation method also suffers from this bias,
and additionally from the fact that it neglects gravity. Nonethe-
less, it is interesting to observe that the speed is not much
changed by gravity. For the 1704 objects with dlinph < 10 pc, only
6% experience a speed change of more than 1 km s−1 between
the current time and their perihelion (and only 1% more than
10 km s−1). But gravity does change the direction of motion, and
this combined with the parallax bias results in poorer estimates
of tph and dph from the linear approximation method.
Given the magnitude of the discrepancies found in section 4,
it is clear that we should not use the linear approximation or the
nominal data alone to identify close encounters.
5.3. Dependence on the gravitational potential
The perihelion parameters found by the orbital integration of
course depend on the Galactic potential adopted. I intentionally
chose a simple three-component axisymmetric potential without
bar or spiral arms.5 What is relevant for the orbits is the differ-
ence in the potential which the Sun and the star experience, and
this will remain small provided the separation between them re-
mains small compared to the length scales of the potential (see
Table 1). The nominal distances (1/$) of the 1704 stars selected
by the linear approximation extend up to nearly 900 pc, so there
is sensitivity, although for stars with davph < 10 pc and < 2 pc the
maximum nominal distance is 315 pc and 120 pc respectively. I
also chose not to sample over the current phase space coordinates
for the Sun. Provided the uncertainty in the position of the Sun
is small compared to the length scales of the potential, which is
surely the case, this will not be a significant source of error.
García-Sánchez et al. (2001) investigated the sensitivity of
their results to changes in the potential. (I use the same potential
model and parameters, same values of r and z, and a similar
solar velocity.) Varying z from 0–20 pc and r from 7.5–8.5 kpc
had negligible influence on the calculated perihelion distances.
Changing the local mass density by a factor of two resulted in
only 8 of their 156 stars with dph < 5 pc having their perihelion
distances changed by more than 0.05 pc (up to 2.2 pc). They also
add a spiral arm potential to their model and find that only 8 of
the 156 stars have their perihelion distances changed by more
than 0.1 pc (their Figure 10a).
In common with previous studies, I ignore the gravitational
attraction between the Sun and encountering star. In reality they
move on hyperbolic orbits with respect to one another, and the
true perihelion will be smaller than calculated, the discrepancy
increasing with smaller vph and dph and with larger stellar mass.
5 Any asymmetry is poorly constrained by currently available data;
introducing a tentative model will not make the results more robust.
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From the theory of orbits (e.g. Curtis 2009), the perihelion dis-
tance when only this force is acting is
dhypph =
√
a2 + d2 − a (9)
where a = GMt/v2∞ (the semi-major axis), Mt is the sum of the
masses, d is the impact parameter (the perihelion distance with-
out any gravity), and v∞ the speed of the star (relative to the Sun)
at infinity. Yet even for the most deviant case imaginable among
my close encounters – v∞ = 10 km s−1, d = 0.05 pc, Mt = 6 M –
the perihelion distance is reduced by only 0.5% when taking into
account the Sun–star interaction.
My potential is smooth and time-independent. The smooth-
ness means that interactions of the Sun (or encountering stars)
with individual stars or molecular clouds along their orbit are
neglected, yet in principle these could deflect the path from the
orbit I have calculated. The encounters found in this work take
place between -16.5 and +19.6 Myr from now (the range of tavph
for all encounters). Over the course of 20 Myr the Sun moves
about 330 pc with respect to the LSR and thus typical stars in its
neighbourhood. Let us consider an interaction as significant if it
results in a deflection of the Sun’s path of 0.5◦ (or more). Consid-
ering this interaction again as a hyperbolic orbit, the deflection
angle is
α = 2 arctan
(a
d
)
' 2a
d
(10)
the approximation being relevant for small angles. We get a 0.5◦
deflection when the Sun encounters a 1 M star at 34 km s−1 (the
median perihelion speed of the encounters in this work) with an
impact parameter d = 0.0017 pc. As an approximation, I consider
an interaction to take place only if the Sun approaches another
star within this distance. Assuming a stellar number density of
ρ= 1 pc−3 (which is quite high), then the average number of en-
counters after travelling a distance x is λ= pid2xρ. The probabil-
ity of n encounters is given by the Poisson distribution with rate
parameter λ. The probability of no encounters after x= 330 pc
is therefore e−λ = 0.997. All of the encounters modelled in this
work occur within a shorter path length than this, so neglecting
the discreteness of the gravitational potential is justified in this
study. A similar argument can be applied to the encountering
stars.
A time dependency of the potential could arise from its
intrinsic evolution or from the Sun experiencing small scale
changes in the potential as it moves. The Sun will move about
30◦ around the centre of the Galaxy in 20 Myr (the period of the
LSR in my model is 218 Myr), although of course the Galaxy
itself is rotating too. The impact of this would have to be mod-
elled with specific asymmetries, but given that their inclusion
was found by García-Sánchez et al. (2001) to have a small im-
pact, so would their variation.
5.4. Issues with the data
Aside from the method and the model assumptions, we should
also scrutinize the reliability of our data and the estimated co-
variances. As discussed in section 4, some of the astrometric so-
lutions for double or multiple systems may be erroneous. The
issues are discussed further in volume 1 of the Hipparcos cata-
logue (Perryman & ESA 1997). Some alternative solutions have
been mentioned, but ultimately new data may be required. I have
assumed that the measured radial velocities reflect the space mo-
tion of the star relative to the solar system barycentre, whereas
some may be affected by motion in a binary system. More radial
velocity epochs would be required to identify this.
The Rave-DR4 catalogue contains a significant number of
objects with much larger absolute radial velocities than the other
input catalogues. The central 50% quantile of vr (the 25% to
75% quantiles) for all objects with dlinph < 10 pc is similar for all
four input catalogues, spanning about -30 to +30 km s−1. But the
central 90% quantile in hip2rave is -830 to +645 km s−1, com-
pared to about -70 to +80 km s−1 for the other three input cata-
logues. These discrepancies alone do not suggest that the large
Rave radial velocities are wrong. However, of the 11 Rave ob-
jects with davph < 2 pc, nine have anomalously high radial veloc-
ities, and all but one of these are listed with a low SNR from
the RAVE pipeline (“SNRS” of 1–2). The other two objects, Hip
71681.r and Hip 87784.r, have moderate radial velocities and
higher SNR (52 and 11 respectively). This suggests problems
with extracting reliable radial velocities at low SNR, because al-
though the corresponding σ(vr) values are also large, they are
not large enough to make these measurements consistent with
the more typical radial velocities we see of below 100 km s−1. It
is important to realize that a search for close encounters prefer-
entially includes stars with large radial velocities, anomalous or
not: All other data being equal, the larger the radial velocity, the
smaller the perihelion distance (as the velocity vector then points
closer to the Sun).
Needless to say, I can only find encounters among the stars
I have actually analysed, namely a subset of Hipparcos stars. A
few additional encounters have been found using other astrome-
try (e.g. two M dwarfs found by Bobylev 2010b), and the current
work could be extended using additional radial velocities.
5.5. Correlation with impact craters
It would be interesting to investigate whether any of the close
encounters can be associated with a specific impact crater on the
Earth. This would be difficult, however, for a number of reasons:
(a) both this survey and the impact cratering record on the Earth
are very incomplete; (b) the Galactic tide is also a major and
variable Oort cloud perturber (Dybczyn´ski 2005; Feng & Bailer-
Jones 2014; Rickman 2014); (c) there is a time lag between the
perturbation occurring and a comet shower arriving in the inner
solar system (Frogel & Gould 1998). This is 500 kyr for comets
coming from 104 AU (i.e. half the orbital period), but because
the comets’ perihelia are not reduced instantly by the perturba-
tion, it can take a few million years until the peak of the comet
shower reaches the inner solar system (Dybczyn´ski 2002). Given
the large range of Oort cloud comet orbits, this leads to a large
uncertainty in the lag. The fact that the encounter is a continuous
event spread over δt ∼ 1 pc/vph ' 30 kyr (adopting the median of
vavph of 34 km s
−1 for encounters with davph < 1 pc) introduces only
a small time uncertainty compared to the shower lag; (d) most
impacts are probably due to asteroids rather than comets (Weiss-
man 2007; Yeomans & Chamberlin 2013); (e) some comets may
not reach the Earth, due to the shielding effect of Jupiter, for ex-
ample (Horner et al. 2010). Thus we may instead be limited to
connecting the encounters with the overall time variation of the
impact cratering rate (Bailer-Jones 2011b,c).
According to the impact approximation, the largest per-
turbers of the Oort cloud are the first four entries in Table 3,
despite their relatively small masses. The largest perturbation in
the past is due to gamma Microscopii (Hip 103738.p), 3.85 Myr
ago (90% CI of 4.16–3.56 Myr). At davph = 0.83 pc it would have
appeared from the Earth to be slightly brighter than Venus at
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maximum. The above arguments notwithstanding, it is allur-
ing that there are two impact craters listed in the Earth Im-
pact Database Planetary and Space Science Centre (2014) with
compatible ages (ignoring craters with only upper or lower age
limits): Roter Kamm (Namibia) – age 3.7 ± 0.3 Myr, diame-
ter 2.5 km; El’gygytgyn (Siberia) – age 3.5 ± 0.5 Myr, diameter
18 km. A third, Aouelloul (Mauritania) – age 3.0 ± 0.3 Myr, di-
ameter 0.4 km – is rather small, and two others have less well
defined ages: Karla at 5 ± 1 Myr and Bigach at 5 ± 3 Myr. Of
course, with many potential perturbers and many impact craters,
some coincidences are inevitable.
5.6. Future work
What could improve this study? Most important would be a
larger 6D phase space stellar catalogue extending to larger vol-
umes, with better understood completeness, and reliable treat-
ment of binarity. Starting in 2016, we can expect data releases
from Gaia which ultimately promises to provide astrometry with
parallax accuracies between 0.005 and 0.5 mas on around 109
stars down to magnitude G = 20 (Lindegren et al. 2008; de Brui-
jne 2012). Proper motion accuracies (in mas yr−1) are similar,
which is important because the best encounter candidates among
more distant stars are those with very small proper motions. Gaia
should also provide radial velocities on up to 108 stars down to
I ' 16 with accuracies of 1–15 km s−1 depending on magnitude.
This will greatly extend the reach of the analysis in this paper
to a significantly larger volume, and will begin to include many
more massive (and rare) stars (see also Fouchard et al. 2011b;
Rickman et al. 2012). Yet integrating orbits over much longer
paths will also make the results more sensitive to the gravita-
tional potential adopted, although the Gaia data itself will help
to improve our determination of this. It will be important to sup-
plement Gaia data with radial velocities on fainter stars and with
more accurate radial velocities, especially for stars with radial
velocities near to zero, for stars known or suspected to be bina-
ries, and for stars with questionable current data.
The depth and better understood completeness of Gaia will
also permit a more robust and useful determination of the actual
probability of encounters as a function of perihelion time and
distance than was possible with Hipparcos (García-Sánchez et al.
2001). While it may remain difficult to connect individual stellar
encounters with specific impact craters by such a study, Gaia
should allow us to investigate the link between encounters and
impacts in a statistical sense (Feng & Bailer-Jones 2014).
Another important feature of Gaia and its data processing
consortium is that it will provide astrophysical parameters for all
of its targets using onboard spectrophotometry and spectroscopy
(Bailer-Jones et al. 2013). Mass estimates will therefore be avail-
able for many targets, so a more systematic investigation of the
perturber impulse can also be undertaken.
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Appendix A: Equivalence of the data sampling to
estimating the posterior probability density
function
Determining the perihelion parameters θ= (tph, dph, vph) given
the astrometric data D= (α, δ,$, µα∗, µδ, vr) is an inference prob-
lem. The full characterization of the solution is the probabil-
ity density function (PDF) P(θ|D,C,M) where M denotes the
Galaxy model, and C is the covariance in D. In a gravitational
field, seven variables are required to completely define the orbit
of a star: a 3D position vector, a 3D velocity vector, and time.
One realization of this is D together with the current time. An-
other is the state of the star at perihelion, which is described by
θ and four additional parameters ψ, two of which determine the
angular position on the sky, and two which determine the direc-
tion of the velocity. The orbital integration can be considered as
just performing a coordinate transformation from D (with t = 0)
to (θ, ψ).
The direct approach to the inference problem is to use Bayes’
theorem to write the posterior PDF of the parameters as
P(θ, ψ|D,C,M) = P(D|θ, ψ,C,M)P(θ, ψ|M)
P(D|C,M) . (A.1)
A common way to construct this PDF is by sampling from the
unnormalized posterior (the numerator on the right-hand side)
with an Markov Chain Monte Carlo (MCMC) technique. For
each proposed sample (θ, ψ) we would use the orbital integration
backwards to generate an orbit and then to find the correspond-
ing position in D-space at t = 0. The likelihood, P(D|θ, ψ,C,M),
is the error model for the data (section 3.4), and the prior,
P(θ, ψ|M), is something we decide upon. Once we have the set
of samples we can generate the posterior PDF via density esti-
mation (e.g. a histogram) and explicitly normalize. We arrive at
the PDF of interest by marginalizing over the “nuisance” param-
eters, ψ,
P(θ|D,C,M) =
∫
P(θ, ψ|D,C,M) dψ . (A.2)
The problem with this approach is that any plausible prior
corresponds to a very large set of orbits which cannot be well
constrained in advance. The vast majority of orbits defined by
the proposed (θ, ψ) samples will come nowhere near to D, with
the result that the likelihood of most samples will be essentially
zero. The posterior will therefore be badly estimated unless we
use a huge number of samples. In other words, this approach is
too computationally inefficient to be of practical use.
The method I use in this paper (section 3.4), while intuitive,
is a sampling of D and not of θ, so it is not immediately obvious
that it yields P(θ|D,C,M). But in fact it does when we (implic-
itly) adopt a uniform prior, for the following reason. Bayes’ the-
orem translates knowledge about the likelihood (uncertainties in
the data) into knowledge about the posterior (a distribution over
the parameters). This includes a prior, but if that prior shows no
preference to different parameter values (i.e. it is uniform over
the range supported by the data), then it will not change the
shape of the resulting posterior. So we only have to transform
the data samples into parameter samples, and this can be done
here because of the reversibility of orbits: D (with t = 0) maps
one-to-one onto (θ, ψ). This produces an equivalent set of sam-
ples as the MCMC approach would with a uniform prior. The
difference is that sampling the large (θ, ψ)-space and mapping
each sample to D-space is very inefficient, but vice versa is not,
because by sampling directly in D-space we sample areas which
give high likelihoods. It avoids sampling the enormous low like-
lihood region of D-space. We of course have to renormalize the
resulting distribution, and this is done explicitly using a density
estimate over the samples (as in Figure 4), just as with MCMC.
One could argue that a uniform prior over the parameters
is not appropriate, and hence that a direct parameter sampling
should be used. Yet the data sampling approach could still be
used, provided there is a way of mapping the parameter priors
to “priors” on the sampled data. In the present case, the results
will not be very sensitive to the prior given the relatively high
signal-to-noise ratio of the data (that is, they are informative), so
a uniform prior is justified.
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